. Humidity and temperature induced changes in the diffraction efficiency and the Bragg angle of slanted photopolymer-based holographic gratings.
INTRODUCTION
Holographic gratings capable of responding to an analyte with an easily identifiable change in their optical properties have generated wide interest due to their possible application as holographic sensors. It has been demonstrated that holographic sensors can detect analytes in gas and in liquid phase as well as different physical stimuli such as pressure and magnetic fields [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Holographic sensors are considered a low-cost, lightweight, and disposable technology and have potential for application in different areas ranging from medical diagnostics to environmental sensing including the monitoring of environmental temperature and relative humidity 10, 12, 13 . In spite of the existing wide range of temperature and humidity sensors 14, 15 , holographic sensors are of special interest as they can provide fast, real-time, reversible or irreversible, visual colorimetric or optical readouts.
The intrinsic properties of some photopolymers, such as their hygroscopic nature and thermal expansion, make them good candidates for the development of humidity and temperature holographic sensors. Recently, the humidity sensitivity of reflection gratings recorded in an acrylamide-based photopolymer has been demonstrated and characterized in the range of 5 -80 % RH 10, 12, 13 . Reversible changes in fringe spacing due to water vapour absorption have been found to cause fully reversible variations in the diffracted light wavelength. The natural ability of the acrylamide-based photopolymer layer to swell or shrink at different levels of relative humidity was exploited for the design of a holographic humidity indicator 10 .
The response to humidity of unslanted transmission gratings in similar material has been investigated in the range of 20 -90 % RH with particular emphasis on irreversible changes caused by high humidity (RH  80 %) 16 . Exposure to high humidity was found to cause changes in both the diffraction efficiency and the Bragg selectivity curve of these holographic transmission gratings. Reversibility of the observed changes at high humidity strongly depended on temperature and was confirmed for temperatures below 15 0 C. The temperature limit of reversible/irreversible changes was established to correlate with the freezing/melting temperature range of one of the photopolymer componentstriethanolamine. The ability of the transmission gratings to respond to high humidity is beneficial for the development of irreversible humidity holographic sensors, in particular for scenarios where increased temperature is also problematic e.g. food storage.
The humidity induced changes in the properties of both transmission and reflection slanted gratings recorded in an acrylamide based photopolymer has been quantitatively analysed 17 and the theoretical model of swelling dynamics has been proposed 18 .
In this study the capability to tune the temperature and relative humidity response of a holographic grating by compositional changes in the photopolymer layer has been explored. Two main components have been variedthe type of monomer (acrylamide versus diacetone acrylamide) and the type of initiator (triethanolamine versus N-phenylglycine). The two monomers were chosen because it was previously observed that gratings recorded in photopolymer layers containing acrylamide and diacetone acrylamide have very different holographic and mechanical properties 19 which can influence on humidity and temperature sensitivity of the material. The two initiators were chosen because it was previously found that photopolymer layers containing triethanolamine are less dense and more permeable to water vapour and as a result the properties of photopolymer-based holographic gratings are humidity-dependant 16, 17 . Whereas, photopolymer layers containing N-phenylglycine are robust and the photopolymer-based holographic gratings are irresponsive to humidity changes up to RH = 70 % 20,21 .
The first aim of this work was to study the humidity sensitivity of volume phase slanted gratings recorded in a non-toxic and environmentally compatible photopolymer containing diacetone acrylamide as the main monomer and triethanolamine as a photoinitiator. Comparative analysis of the humidity response of diacetone acrylamide-based gratings and acrylamidebased gratings has been carried out. Application of the diacetone acrylamide-based photopolymer as a humidity-responsive material for the development of holographic humidity sensors is also discussed.
As known, photopolymers in general have a low glass transition temperature and a relatively large coefficient of thermal expansion. Temperature variation induces grating detuning effects via changes in refractive index and the physical dimensions of the photopolymer layers 22 . Photopolymers that exhibit a mechanical response to temperature change are required for holographic temperature sensor development. Volume changes with temperature may be implemented as a sensing mechanism in holographic temperature sensors. However, previous explorations of the temperature response of acrylamide-based photopolymers are limited. The investigation of the reflection grating response to temperature in the range of 15 -60 0 C showed that the temperature response highly depends on the relative humidity level 13 .
The second aim of this work was to study the temperature sensitivity of volume phase slanted gratings recorded in photopolymer containing either acrylamide or diacetone acrylamide as monomer and either triethanolamine or Nphenylglycine as an initiator. The potential application of photopolymers as a thermo-responsive material for the development of holographic temperature sensors is discussed.
BACKGROUND
There are two types of holographic sensors depending on the recording geometry of the holographic grating utilized. The first type is a sensor based on a transmission holographic grating. This sensor can change its transmittance when interaction with a target analyte occurs. The sensor requires both a light source for its illumination and a photodetector to monitor a change in a signal level, such as a diffraction efficiency alteration or a variation of the diffracted light direction.
A volume phase transmission grating can be recorded using two laser beams when the photosensitive medium is placed in the region of overlap of two interfering wavefronts which are incident on the photosensitive medium from the same side. The interference pattern created by two light waves is recorded as a spatial modulation of the refractive index of the photosensitive medium. The volume phase grating regime corresponds to Q >> 1, which is defined by the relation 23
where λ is the wavelength of the recoding light, d is the thickness of the grating, n is the average refractive index of the medium and Λ is the fringe spacing. The diffraction efficiency () of a volume phase transmission grating at Bragg incidence is determined by the coupled wave theory 24
where n1 is the refractive index modulation, λ is the wavelength of the reconstructing beam,  is the Bragg angle inside the photopolymer layer.
Exposure to an analyte leads to diffraction efficiency alterations () caused by the effect of different parameters which can be determined by the differentiation of equation (2) 
tan cos cos tan
where n1 is the refractive index modulation change, d is the thickness change,  is the variation of probe wavelength and Δθ is the Bragg angle shift.
The second type of holographic sensor is a sensor based on a reflection grating. The sensor operates via changes in the wavelength (colour) of the diffracted light under exposure to an analyte. These sensors are a focus of research as they can be used as visual indicators which can be easily interpreted by non-specialist. The reflection grating is recorded when two wavefronts reach the photosensitive medium from opposite sides. The direction of the maximum intensity of the light diffracted from the periodic photonic structure is determined by Bragg's law
where ' is the Bragg angle which is defined by the angle between the incident beam and the planes of varying refractive index recorded in the material. Differentiation of equation (4) allows evaluating the contribution of different parameters on the spectral peak position of the diffracted light 3
Bragg angles in reflection geometry of recording are typically close to 90 0 . Thus, the contribution of the last term in equation (5) is usually negligible.
EXPERIMENTAL

Layer preparation
Three types of photopolymer layers containing different main monomers and photoinitiating systems have been used as a holographic recording material. The first type (photopolymer A) is an acrylamide-based photopolymer containing triethanolamine as a photoinitiator. Optimized compositions for the recording in transmission 25 (photopolymer A_T) and reflection 13 (photopolymer A_R) modes are presented in table 1. Lower concentration of triethanolamine which plays the roles of both a photoinitiator and a plasticizer is used in the composition for the recording in reflection mode. Less amount of triethanolamine allows decreasing the permeability of the material. It helps to reduce the diffusion of short polymer chains from bright to dark regions and the growth of polymer chains outside of bright fringes. This improves the spatial resolution of the material which is crucial for recording in reflection mode as the distance between fringes is much smaller than in case of transmission mode.
The second type (photopolymer B) is a version of the acrylamide-based photopolymer that uses N-phenylglycine as a photoinitiator 20 . Replacing triethanolamine with N-phenylglycine enables the development of robust photopolymer layers which are non-sensitive to humidity. 
The third type (photopolymer C) is a diacetone acrylamide-based photopolymer containing triethanolamine as a photoinitiator, and has previously been optimised for transmission mode of recording 26, 27 . In addition to the components used in photopolymer A and photopolymer B, photopolymer C contains glycerol as a plasticizer. The addition of glycerol promotes diffusion of the relatively large diacetone acrylamide monomer molecules during holographic recording, resulting in higher diffraction efficiency than when glycerol is excluded. The addition of glycerol also improves the stability of the solid photopolymer layer 27 . The attempts to prepare samples containing diacetone acrylamide as the main monomer and N-phenylglycine as a photoinitiator were not successful so far. The layers were not stable and were with poor optical quality. For that reason it was not possible to include results from the characterisation of gratings recorded in this composition. The same formulations of photopolymer B and photopolymer C were used for recording in both transmission and reflection mode (table 1) . The further optimisation of these two photopolymer compositions for recording in reflection mode is currently under progress and will be reported elsewhere.
Photopolymer layers with the thickness of 60  5 m were prepared by deposition of photosensitive solutions on the levelled glass slides (26 × 76 mm 2 ) and dried for 24 hours in a dark room at T = 21 ± 2 0 C and RH = 30  5 %. The thickness of the dry layers was measured with a white light interferometric surface profiler MicroXAM S/N 8038.
Holographic recording set-up
Volume phase transmission and reflection gratings were recorded using a Nd:YVO4 laser (532 nm). The holographic optical set-up used for recording in transmission mode is presented in figure 1a . A two-beam set-up with the incident angles of the recording beams of 4 0 and 36 0 (outside the layer), respectively to the normal to the layer surface, was utilized to record slanted transmission gratings with a slant angle of 13 0 and a spatial frequency of 960 lines/mm. The total recording intensity was 5.5 mW/cm 2 and the recording time was 8 sec for photopolymers A and C and 22 sec for photopolymer B. These conditions were chosen in order to achieve similar starting diffraction efficiency in all three types of layers. The initial diffraction efficiency of the gratings was in the range of 37  3 %. In order to measure the diffraction efficiency of transmission gratings, the diffracted beam intensity was monitored at the Bragg angle using a 633 nm He-Ne laser. The diffraction efficiency of gratings was calculated as the ratio of the intensity of the diffracted beam and the intensity of the incident beam. After the recording, the gratings were exposed to UV-light for 18 min in order to polymerize all residual monomers using a UV Exposure unit (Mega Electronics, model 5503-11).
Reflection gratings with a slant angle of 5 0 and a spatial frequency of approximately 5600 lines/mm were recorded with an exposure 120 mJ/cm 2 using the set-up presented in figure 1b.
Humidity response testing
The humidity response of gratings was investigated by measuring the diffraction efficiency of slanted transmission gratings and the spectral response of reflection gratings at different levels of relative humidity and at temperature of 21 ± 1 0 C (figure 2). Different humidity levels were obtained using a controlled environment chamber with humidity and temperature control system (Electro-tech system, model 5503-11). The chamber is equipped with ETS Series 5000 Microprocessor Controller which is utilized to precisely control the temperature and humidity, to provide accurate measurement and to monitor the chamber environment. The humidity level in the chamber can be reduced down to 10 % RH by the desiccant/pump dehumidification system. An ultrasonic humidification system allows the relative humidity to be increased up to 100 %. The heating system can increase the temperature from ambient temperature to 50 0 C. The chamber is able to maintain the relative humidity and temperature with accuracy of ± 2 % and ± 1 0 C, respectively. During the test of the response to high humidity (RH = 80 -90 %) it was observed that water vapour was condensing on the surface of the photopolymer layer causing intensity losses due to scattering. To minimize the inaccuracy caused by beam scattering due to water condensation on the photopolymer layer surface during the exposure to high humidity (> 80 %), intensities of transmitted (I0) and first-order diffracted (I1) beams were monitored simultaneously during the transmission grating test (figure 2a). The readings were taken after 30 min of humidity exposure to allow the samples to equilibrate with the surrounding conditions and the diffraction efficiency in this particular experiment was defined as I1/(I1+I0).
The optical set-up for the reflection grating test was assembled within the chamber to allow a spectrum diffracted by the sample to be characterised over a range of humidity levels (figure 2b). The probe light from a broad band light source (AvaLight HAL-S) was guided into the chamber by the fibre optic cable (Avantes FC-UV400-2). A collimating lens was attached to the fibre, which allowed for flexibility in adjustment of the incident angle. The diffracted light from the grating was coupled through a second fibre optic cable with the help of a collimating lens placed in front of the fibre to a spectral analyzer (Avantes AvaSpec-2048).
Temperature response testing
The temperature response of slanted transmission gratings was investigated by recording Bragg selectivity curves at different temperatures by a computer controlled system presented in figure 3 . Different temperatures were maintained by a temperature controlled plate (model MS100 with a 6 mm aperture, Linkam Instruments). The temperature controlled plate was able to hold a specified temperature to ± 0.1 0 C from room temperature to 60 0 C. A 633 nm beam from a He-Ne laser was employed as a probe beam during the Bragg curve measurements. In order to record the Bragg curve, the grating was fixed on the temperature controlled plate and was placed on a rotation stage which was computer controlled via a motion controller (model Newport ESP300 with angular resolution of 0.001 0 ). The intensity of the first-order diffracted beam was monitored by an optical power meter (Newport Model 840). LabVIEW software was used to plot the data of diffraction efficiency in real time as the incident angle of the probe beam was varied ± 3 0 from the Bragg angle. The diffraction efficiency was defined as the ratio of the diffracted beam intensity and the incident beam intensity. The diffraction efficiency of the grating was estimated from the maximum of the Bragg selectivity curve. The readings were taken 5 min after the pre-set temperature was reached. This period of time was defined as the time required for reaching equilibrium of the sample temperature with the plate temperature. After 5 min no further change in the measured response was observed. 
Differential scanning calorimetry
In order to analyze the amount of moisture desorbed from the photopolymer layers under heating, differential scanning calorimetry (DSC) was utilised. DSC measurements were performed using DSC-60 (Shimadzu). The measurements were conducted in aluminium pans by heating the samples at a rate of 2 0 C/min from 17 to 100 0 C. Prior to the DSC measurements, the samples were exposed to RH = 70 % at T = 21 ± 1 ⁰C for an hour in the controlled environment chamber in order to saturate the photopolymer layers with the moisture.
RESULTS AND DISCUSSION
Diffraction efficiency of slanted transmission gratings recorded in photopolymer C versus relative humidity
The humidity response of slanted transmission gratings recorded in a diacetone acrylamide-based photopolymer (photopolymer C) was investigated by measuring the diffraction efficiency of the gratings in the relative humidity range of 20 -90 %. During the experiment the temperature was kept constant at 21 ± 1 0 C. Figure 4 shows the relative change in the diffraction efficiency of gratings versus relative humidity. The experimental data for photopolymer C is compared with the experimental data for the acrylamide-based photopolymers (photopolymer A and photopolymer B). The relative change in the diffraction efficiency was calculated as follows. The difference of the diffraction efficiency measured at certain relative humidity and the diffraction efficiency measured at RH = 20 % (∆) was normalized to the diffraction efficiency at RH = 20 % (20). For this particular experiment a slanted transmission grating with an initial diffraction efficiency of 6 % was recorded in photopolymer C. As can be seen from figure 4, changes in diffraction efficiency of photopolymer C caused by exposure to humidity were very significant (up to 14 times), i.e. increase of the diffraction efficiency from 6 to 84 % was observed when the relative humidity changes from 20 to 90 %. The diffraction efficiency of slanted transmission gratings recorded in photopolymer A and B was relatively unchanged up to 70 % RH and it decreased for few percent above 70 % RH.
According to equation (3), the significant increase of the diffraction efficiency of the transmission grating recorded in photopolymer C under humidity exposure can be caused by changes in several parameters. In order to fully understand the mechanism behind the observed change in diffraction efficiency, the effect of variation of each parameter must be considered. To estimate the effect of different parameters, the following experiment was carried out. Transmission gratings were exposed to relative humidity of 30 % and 60 %. The diffraction efficiency, the Bragg angle and the thickness of the grating were monitored at 30 % and 60 % RH. The estimated contribution of different parameters is presented in table 2. The first parameter is the Bragg angle shift. Our experimental results show that change in relative humidity from 30 to 60 % causes Bragg angle shift of 2 0 . The term describing the contribution of the Bragg angle shift is of order 0.006. The second parameter is the variation of probe wavelength. Since the probe wavelength used in this experiment was not varied the contribution of this term is zero. The third parameter is the thickness variation caused by humidity exposure. A thickness variation of 10 to 15 % was found and this resulted in a thickness change term of order 0.1. The fourth parameter is the change of the refractive index modulation. The refractive index modulation was calculated at 30 % and 60 % RH using equation (2) . The refractive index modulation change was found to be approximately 2  10 -4 and the term describing the contribution of the refractive index modulation alteration was of order 0.1. Thus, it can be deduced that the main contributors to the diffraction efficiency alteration of transmission gratings recorded in photopolymer C are thickness and refractive index modulation changes. This means that the diffraction efficiency increase observed in gratings recorded in photopolymer C due to humidity exposure is caused by increases in both the grating thickness and the refractive index modulation. An increase of the grating thickness under humidity exposure can be explained by the photopolymer layer swelling due to water absorption. The refractive index modulation increase under humidity exposure may be due to the different ability of dark (i.e. unpolymerised) and bright (polymerised) regions to absorb water molecules due to its different porosity. One possible explanation is that the dark regions have higher porosity as monomers have lower density and as a result water molecules are mainly absorbed in these regions. As the average refractive index of the photopolymer is 1.5, water (n = 1.33) absorption leads to a decrease of the refractive index in dark regions resulting in an overall increase of the refractive index modulation and, hence, the diffraction efficiency increases. 
High
The experimental results reveal that photopolymer C has high sensitivity to humidity even at low relative humidity of 20 -40 % ( figure 4 ). As seen from figure 4, a 54% increase of the diffraction efficiency of photopolymer C was observed in this range, whereas the diffraction efficiency of photopolymer A and B was increased by few percent only. As discussed in section 3.1, photopolymer C contains the monomer diacetone acrylamide as well as small amounts of glycerol, both of which are known hygroscopic chemicals which readily absorb water 28 . Increased water absorption would account for the observed large increase in grating diffraction efficiency due to greater changes in grating thickness and refractive index modulation.
Thus, due to its high sensitivity to humidity, the diacetone acrylamide-based photopolymer can be utilized for the development of sensors for humidity monitoring in the relative humidity range from 20 to 90 % and constant temperature.
It should be noted that during humidity monitoring it is necessary to keep the temperature unchanged as photopolymer C is also sensitive to temperature variation (section 4.4). In contrast, photopolymers A and B are less sensitive to humidity, which is highly desirable for many holographic applications including holographic optical elements for solar applications and holographic security labels. The reversibility of the observed changes in photopolymer C was confirmed at RH  60 % and will be further discussed in section 4.2.
Reversibility of the humidity induced changes in properties of photopolymer C
The reversibility of the effect of elevated humidity on gratings recorded in photopolymer C has been characterised. Investigation of the reversibility of humidity induced changes in photopolymer A and photopolymer B was carried out previously 10, 16, 21 . The reversibility for photopolymer A and photopolymer B was confirmed after exposure to RH  70 % and RH  90 %, respectively, for 60 min at T = 21 ± 1 0 C. Exposure to high humidity (RH = 80 -90 %) of photopolymer A for 60 min at T = 21 ± 1 0 C caused irreversible decrease of the diffraction efficiency and dimensional changes in the layer.
In order to investigate the reversibility of the observed increase of the diffraction efficiency of photopolymer C during exposure to humidity, transmission gratings were exposed to RH = 60 %, 70 %, 80 % and 90 % at T = 21 ± 1 0 C for 60 min and left to recover at T = 21 ± 1 0 C and RH = 40 -45 % for 24 hours. Each grating was characterized by measuring its diffraction efficiency before and after exposure to humidity. The relative humidity during these measurements was in the range of 40 -45 %.
Bragg selectivity curves of the grating before, during and 24 hours after exposure to RH = 60 % are presented on figure 5 . The diffraction efficiency of gratings under exposure to 60 % RH increases from 33 to 56 % and the observed increase is in good agreement with the experimental data presented in figure 4 . After relaxation at 40 % RH the diffraction efficiency and the Bragg angle were found to be reversible. Peak of the diffraction efficiency was reversible to within -0.1 0 of its original position. The thickness of the photopolymer layer before and 24 hours after exposure to RH = 60 % was the same. Thus, the increase of the diffraction efficiency observed during the exposure to humidity of 60 % RH is reversible. Figure 5 . Bragg selectivity curve for photopolymer C before (solid line), during () and 24 hours after () exposure to RH = 60 % at T = 21 ± 1 0 C for 60 min.
Experimental data for the gratings exposed to 70 %, 80 % and 90 % RH for different amount of time are presented in figure  6 . To describe humidity induced changes, normalized diffraction efficiency was calculated as the ratio of the diffraction efficiency measured after exposure to humidity and the diffraction efficiency measured before exposure to humidity. No dependence of the normalised diffraction efficiency on the time of exposure to 70 and 80% RH was observed above 30 min. Maximum decrease of the diffraction efficiency and its strongest dependence on time of exposure to high humidity was detected for 90 % RH. One possible explanation for the observed irreversible decrease of the diffraction efficiency can be an irreversible decrease in the thickness of the grating. During humidity exposure, expansion of the photopolymer layer in the direction parallel to the grating vector was noticed. In order to evaluate the thickness change caused by humidity exposure, normalized thickness was calculated as the ratio of the thickness measured after and before humidity exposure. The relative humidity during thickness measurements was in the range of 40 -45 %. Figure 7 shows that exposure to humidity of 70, 80 and 90 % RH leads to irreversible decrease of grating thickness. Our estimations of the thickness utilising formula (2) reveal that the observed irreversible decrease of the diffraction efficiency can't be explained by irreversible decrease of the thickness only. This implies that at high humidity, irreversible decrease of the refractive index modulation also occurs. One possible explanation is follow. When the humidity is very high, the layers become close to a liquid state. The absorption of water allows for reduction in the degree of separation of the spatially varying regions of monomer molecules and polymer chains, i.e. the polymer chains and molecules become less rigidly fixed and move around, which would reduce the refractive index modulation.
Thus, photopolymer C can be utilized for the development of reversible sensors for continuous humidity monitoring in the range from 20 to 60 % RH at constant temperature. The photonic structure within photopolymer C changes its optical properties irreversibly in response to changes in the level of relative humidity above 60 % RH, allowing for the creation of irreversible humidity holographic sensors with an operation range of RH > 60 % at constant temperature. 
Spectral response of reflection gratings at different levels of relative humidity
Humidity exposure time, min
Characterisation of the humidity response of reflection gratings recorded in photopolymer layers was carried out by monitoring the position of the peak intensity in the spectral response of reflection gratings in the range of 20 -80 % RH. During the experiment the temperature was kept constant at 21 ± 1 0 C. The relative change in the wavelength of the diffracted light was calculated as the difference between the wavelength of the diffracted light measured at certain relative humidity and the wavelength of the diffracted light measured at RH = 20 % (∆), normalized to the wavelength of the diffracted light at RH = 20 % (20). Relative changes in the wavelength of the diffracted light versus relative humidity are presented in figure 8 . According to formula (5), the main reasons for humidity response of the reflection grating are the refractive index variation and the spatial period alteration. When water vapour is absorbed, the photopolymer layer swells leading to an increase of the spatial period of the reflection grating recorded in the layer. It results in a decrease of the density of the photopolymer and, hence, its refractive index. Previously, it has been shown 13 that changes in grating period is the main contributor to the wavelength shift.
The results demonstrate that photopolymers A, B and C can all be used for the development of holographic humidity sensors operating in reflection mode and visibly changing colour when reconstructed in white light. The operation range of the humidity sensor can be tuned by variation of the photopolymer composition.
Temperature response of slanted transmission gratings
The temperature response of slanted transmission gratings recorded in the different photopolymers was investigated by recording Bragg selectivity curves and monitoring the position of the Bragg angle in the temperature range of 20 -60 0 C. Figure 9 presents the experimental data of the Bragg angle shift for photopolymer A, B and C. It should be noted that according to the recording geometry, the Bragg angle shift to a bigger value corresponds to the shrinkage of the layer in the direction perpendicular to the grating vector. As shown in figure 9 , in the case of photopolymer layers containing triethanolamine (photopolymer A and photopolymer C) exposure to temperature causes shrinkage of the layers leading to the Bragg angle shift up to 2 0 , whereas photopolymer B containing N-phenylglycine exhibits the lower response to temperature changes and the Bragg angle shift up to 0.3 0 is observed. Analysis of the three types of layers carried out by DSC showed that the different behaviour of the Bragg angle shift for the different photopolymer layers can be explained by different ability of the three photopolymers to release water due to increase in temperature. DSC thermograms of photopolymers presented in figure 10 reveal that photopolymer A and photopolymer C have transitions with a distinct loss of weight due to drying in the temperature range of 20 -55 0 C. Thus, drying of the layer causes its shrinkage, and, hence, the Bragg angle shift is observed ( figure 9 ). In photopolymer B, the evaporation process is not so intensive leading to a smaller Bragg angle shift in this temperature range.
As outlined in section 4.1, photopolymer C is a highly humidity-sensitive material suitable for humidity sensor development. In order to eliminate effects due to humidity and to analyse only the thermal effect on the properties of the holographic gratings recorded in this photopolymer, the temperature response of sealed layers was investigated. Sealed samples were prepared by sealing the photopolymer layer on the glass substrate between two polyester films with a thickness of 0.05 mm. Figure 11 shows that the behaviour of the Bragg angle shift of sealed and unsealed samples is fully opposite, i.e. exposure to temperature causes swelling of sealed layer and shrinkage of unsealed layer. Swelling of the sealed layer can be explained by relatively large thermal expansion of photopolymer C, a property which is inherent to polymer materials with a low glass transition temperature. The temperature dependence of normalized diffraction efficiency of slanted transmission gratings recorded in unsealed and sealed layers for all three photopolymers is presented in figure 12a and 12b, respectively. Normalized diffraction efficiency was calculated as the ratio of the diffraction efficiency measured at certain temperature and the diffraction efficiency measured at the start of the experiment at T = 20 0 C. As seen from figure 12a, the diffraction efficiency of unsealed photopolymer A layers is unchanged in the temperature range from 20 to 60 0 C. Photopolymer B is unresponsive to temperature change below 40 0 C and shows 20 % increase in diffraction efficiency above 40 0 C. Significant decrease of the diffraction efficiency of photopolymer C is observed in the range of 20 to 60 0 C. Similarly to the humidity exposure tests, the observed temperature dependence of the normalized diffraction efficiency depends greatly on changes in the grating refractive index modulation. It is expected that there are two main processes which have an effect on the refractive index modulation alterations. The first contributor is desorption of adsorbed moisture due to elevated temperature. This predominantly takes place in the dark regions as these areas are less dense and therefore absorb more water. Water desorption leads to increase of the refractive index in the dark regions and, hence, decrease of the refractive index modulation. The second contributor is thermal expansion which leads to a decrease of the polymer density. Depending on which region (i.e. the dark or bright region) expands to a greater extent, the diffraction efficiency is increased/decreased with respect to temperature change. This theory matches with the results obtained in section 4.1, which showed that composition C is significantly more prone to water absorption than photopolymer A and B. Therefore, a greater response to elevated temperature is expected for photopolymer C as it is more likely to experience stronger water desorption effects than either photopolymer A or B.
Application of the sealing technique allowed for observation of changes in the diffraction efficiency caused by thermal expansion ( figure 12b ). Photopolymer C reveals temperature sensitivity above 30 0 C demonstrating its potential suitability for the development of holographic temperature sensors. Photopolymer A and photopolymer B is relatively unresponsive to temperature changes in the range of 20 -60 0 C. A photopolymer material which is stable over a large temperature range is highly desirable for many holographic applications.
CONCLUSION
The humidity and temperature sensitivity of slanted holographic gratings recorded in photopolymers containing acrylamide and diacetone acrylamide as monomers, and triethanolamine and N-phenylglycine as photoinitiators was investigated. It has been demonstrated that the response of the photopolymer-based holographic gratings to relative humidity and temperature can be tuned by variation of the photopolymer composition.
Characterization of the humidity response of photopolymer-based gratings was carried out in the range of 20 -90 % RH. A strong humidity dependence of the diffraction efficiency of diacetone acrylamide photopolymer-based transmission gratings was observed. Reversibility of humidity induced changes is confirmed at RH  60 %. Thus, the response to humidity of the diacetone acrylamide-based gratings can be utilized for the development of reversible sensors for continuous humidity monitoring in the range of 20 -60 % RH and constant temperature. Also, irreversible decrease of the diffraction efficiency caused by exposure to RH > 60 % is particularly useful for fabrication of irreversible humidity indicators suitable for incorporation in packaging for electronic goods, for example.
The humidity dependence of the spectral response of reflection gratings showed that photopolymers containing triethanolamine are more hydrophilic than photopolymers containing N-phenylglycine. Photopolymers containing triethanolamine demonstrated a non-linear response over the humidity range under study with a noticeable increase in sensitivity in the range of 40 -70 % RH. The photopolymer layers containing N-phenylglycine had very limited response to variations in relative humidity below 60 % RH and had a similar trend of response to photopolymers containing triethanolamine above 60 % RH but show less layer swelling. Thus, photopolymers can be used for the development of white light visible, reflection mode holographic humidity indicators and its operation range can be tuned by using photopolymers with different composition.
The temperature response of slanted transmission gratings was investigated in the temperature range of 20 -60 0 C. The unsealed photopolymer layers containing N-phenylglycine were unresponsive to temperature changes below 30 0 C and showed sensitivity to temperature above 30 0 C. In the temperature range from 30 to 60 0 C the diffraction efficiency changed from 12 to 14 % and the Bragg angle shift of 0.3 0 was observed. Exposure of the diacetone acrylamide based-photopolymer layers containing triethanolamine to elevated temperature leads to the significant decrease of the diffraction efficiency up to 2 times and the Bragg angle shift up to 2 0 due to the shrinkage of the unsealed layer caused by water evaporation. Application of a sealing technique allowed for observation of swelling of the diacetone acrylamide-based photopolymer layer due to its thermal expansion. The results demonstrate an effective approach to obtaining photopolymer-based gratings with tuneable temperature sensitivity and possibility to exploit photopolymers as a thermo-responsive material for the development of temperature holographic sensors.
